Currently available keratoprosthesis models (non biological corneal substitutes) have a less than 75% graft survival rate at two years. We aimed at developing a model for keratoprosthesis based on the use of polyethyl acrylate ( survival was demonstrated in all the membranes after three months follow-up. A slight reduction in the extrusion rate of h-ADASC colonized materials was observed. No significant differences between the groups with and without h-ADASC were detected respect to transparency or neovascularization. We propose PEA with low hydroxylation as a scaffold for the anchoring ring of future keratoprosthesis.
INTRODUCTION
Currently available keratoprosthesis models (non biological corneal substitutes) are composed by a central material with optical qualities (usually poly methyl methacrylate -PMMA) surrounded by a second material with anchoring functions to the host tissue and without optical relevance (scaffold or skirt). However, these prostheses have major limitations (a high incidence of glaucoma, retroprosthetic membranes, stromal melting, implant extrusion, etc.), with a less than 75% graft survival rate at two years and poor long-term visual outcomes due to device-related complications [1] [2] [3] . These procedures are therefore only used to treat cases of severe bilateral corneal opacification with high risk of rejection or failure and when other transplantation techniques are not suitable.
This situation highlights the need to develop new biomaterials for use as scaffolds for corneal prostheses, which could expand and simplify the surgical techniques that are the only treatment options for some patients.
A number of studies have been published on the subject, in which several corneal cell lines were employed for the colonization of various scaffolds, providing positive results regarding adhesion and cell survival in vitro [4] [5] [6] . The cellular component of the corneal stroma is composed primarily of keratocytes, mitotically quiescent cells with flat and dendritic morphology, which secrete collagens and keratan sulfate proteoglycans [7] . The use of autologous human keratocytes has major drawbacks such as damage to the donor cornea, low cell numbers, and inefficient cell subculture [6] . In recent years, research has been conducted looking for of an autologous extraocular source of cells that could be used for tissue-engineered corneas [8, 9] . Human adult adipose tissue has been shown to be an ideal source of stem cells that can be used autologously: easy accessibility to the tissue, high cell retrieval efficiency, and the
ability of its stem cells (known as human adipose-derived adult stem cells [h-ADASCs])
to differentiate into multiple cell types (keratocytes, osteoblasts, chondroblasts, myoblasts, hepatocytes, neurons, etc.) [6, 8] . These cells have also shown immunomodulatory properties in syngeneic, allogeneic and even xenogeneic scenarios [10] [11] [12] . A previous study from our group found that h-ADASCs transplanted into damaged rabbit corneas were capable of functionally differentiating into adult corneal keratocytes. The h-ADASCs also produced collagens and proteoglycans in the host corneal stroma themselves; however, the collagen production was insufficient for restoring corneal thickness and transparency [8] .
J Biomed Mater Res Part A 2015:103A:1106-1118. DOI: 10.1002/jbm.a.35249 4 Our purpose is to develop a new scaffold model with optimal biointegration with the surrounding corneal stroma that could be used to generate enhanced keratoprosthesis with fewer postoperative complications. The aim of this study was to evaluate the in vivo biocompatibility of thin macroporous membranes made of poly(ethyl acrylate) (PEA)-based copolymer networks produced by a method that combines template techniques to produce the macropores and an anisotropic pore collapse to yield the thin membranes. These scaffolds were seeded or not with h-ADASCs before implantation inside the rabbit cornea.
MATERIALS AND METHODS

Biomaterials
Seven separate copolymer networks were synthesized by copolymerization of ethyl acrylate (EA 99% pure; Scharlau, Spain) with hydroxyethyl acrylate (HEA 96% pure; Aldrich, Spain), acrylic acid (AAc 99% pure, Scharlau, Spain), or methacrylic acid (MAAc 99% pure, Scharlau, Spain). The weight ratios of the various copolymers are listed in Table 1 . The copolymers were synthesized as polymer films with round shape of 5 mm in diameter and presenting a flat smooth surface. Table 1 . Nomenclature, composition and reference of PEA and PEA based copolymers used. The water contact angle values measured in polymer films (taken from reference 18) are also listed.
Biofunctionalization of PEA and PEA copolymers
Preparation of fibronectin (FN)-coated surfaces.
The FN coatings were performed as described previously [13] . Flat samples of PEA polymers and PEA-based copolymers containing 10 or 20 wt% hydroxyethyl acrylate were treated with a solution of human plasma FN (Sigma, Spain) dissolved in phosphate saline buffer (PBS) (Sigma, Spain). A volume of 100μl was used to cover the different polymeric disks (5 mm of diameter) for 1 hour (30 minutes at 37ºC and 30 minutes at RT). Finally, disks were washed three times with PBS. FN was covalently cross-linked to disks of different copolymers of EA [7] [8] [9] [10] -coated surfaces. For the production and purification of FNIII 7-10 , the pET-11 plasmid containing the FNIII 7-10 sequence was transferred into E. coli Bl21 (DE3) (Invitrogen, Spain) and expressed as described elsewhere [14] . The expressed proteins were entirely in the supernatant. The protein was precipitated from the bacterial supernatant at 40% (NH 4 )SO 4 saturation (Sigma, Spain), centrifuged at 10,000 g for 5 min to pellet out the protein, resuspended in 0.02 M Tris-HCl (pH 7.9) containing 0.02 % sodium azide (Sigma, Spain) and chromatographed on mono Q (Biorad, Spain), where it was eluted with 0.2 M NaCl (Sigma, Spain). The protein was finally quantified using Bradford reagent; 1.7 μg/ml of FNIII 7-10 was obtained.
Preparation of peptide FNIII
The FNIII 7-10 surface coating was performed by adsorption on PEA and PEA copolymers containing 10% and 20% HEA. The disks were coated with 100 µl of 170 ng/ml FNIII 7-10 in phosphate saline buffer for 2 h; the disks were then washed with PBS.
The coating on PEA copolymers containing 10 or 20 wt% AAc or MAAc was performed by covalent immobilization. The carboxylated copolymers were combined with 2 mM N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDAC; Sigma, Spain) and 5 mM N-hydroxysulfosuccinimide sodium salt (NHS; Sigma, Spain) in a pH 5.5 2-(N-Morpholino) ethane sulfonic acid buffer (MES; Sigma, Spain) for 30 min to convert the carboxylic acids in the reactive ester for the subsequent reaction with the free amine groups of FNIII [7] [8] [9] [10] . After a wash with MES at pH 5.5, and a reaction with human FNIII 7-10 (170ng/ml; Sigma, Spain) in MES pH 5.5 for 2 h at 37ºC, the disks were washed once with MES pH 5.5 and twice with PBS.
Preparation of collagen and collagen-keratan sulfate (KSPG) coated surfaces.
PEA and PEA copolymer containing 10% of hydroxyethyl acrylate (HEA) and 10% acrylic acid (Acc) were incubated overnight in a cold solution of collagen in acidic Following the overnight incubation, the collagen solution was removed and collagen fibrillation was conducted with phosphate buffer at 37°C. The crosslinking process was performed to improve the biostability of the coating; the disks were incubated in MES buffer with EDAC/NHS at pH 5.5. After crosslinking, the disks were washed with 1 M Na 2 HPO 4 and distilled water. The collagen-coated disks were freeze-dried. The incorporation of KSPG to the collagen was performed during the crosslinking process (40 µg of KSPG/ml of MES/EDAC/NHS). Also, macroporous membranes of poly ethyl acrylate and copolymer of EA containing 10% HEA, and copolymer of EA containing 10% AAc were coated with collagen and KSPG for the in vivo assays. Wave XS reader (BioTek Instruments Inc., Winooski, VT, USA). Three disks were analyzed for each material, and each antibody and copolymer without coating were studied as a reference, except for FN, in which nine disks were analyzed. Nine replicates were evaluated for FN, three for FNIII [7] [8] [9] [10] , three for collagen and collagen with KSPG on polymer films, and twelve for collagen and collagen with KSPG on macroporous polymer membranes.
2.2.5
Coating visualization by scanning electron microscopy. The samples were prepared for structural analysis with gold deposition in a sputter coater (Polaron SC762, VGMicrotech, East Grinstead, UK) at 25 mA for 30 s. The metal coating on the surface allowed for sample analysis under high vacuum in an SEM (JEOL JSM 5910 LV, Tokyo, Japan).
Isolation of h-ADASCs
Lipoaspirate from a female donor patient undergoing elective liposuction was obtained Then they were pre-incubated in medium for 24 h to allow hydration and stabilization.
The medium contained 10% FBS. Hydrophilicity, pH, stability, and transparency were assessed. with a Nikon camera (Nikon Corporation, Tokyo, Japan) mounted on a Zeiss inverted microscope and processed with the software Nis-elements (Nikon). The experiment was repeated three times, and the statistical significance was analyzed using the Student-t test with Bonferroni modification. Significance was considered at p<0.05.
Cell colonization was also performed by trypsinizing the biomaterials for 5 min, resuspending the cells, staining them with trypan blue at 0.4 % (Sigma) for 1 min and counting live cells under an inverted microscope in a hemocytometer. Same number of cells was counted using both methods, so DAPI staining was used afterwards to be able to use the colonized biomaterials for further analysis.
PEA macroporous membrane preparation and characterization
To increase adherence and improve cellular colonization of the biomaterials, macroporous membranes were prepared with a template technique [16] . Templates were prepared by sintering poly(methyl methacrylate) (PMMA) microspheres (Colacryl DP 300; Lucite International, UK) with diameter between 90 and 120 µm. The porogen microspheres were placed in a metal mold and subjected to successive compressions at plates were washed for 24 h to remove the porogen, using acetone as the solvent. The acetone was evaporated in vacuum, controlling pore collapse, resulting in a 100 µm thick porous membrane. Disks 5 mm in diameter were cut to be implanted in the rabbits.
Flat substrates were polymerized as explained above for the macroporous membranes.
Mixtures of the co-monomers in the desired ratios, with 1 wt% EGDMA and 0.5 wt% benzoin, were inserted into transparent molds. Polymerization was then conducted at room temperature under UV light, producing copolymer plates around 0.5 mm thick.
This was followed by a post-curing treatment at 90ºC for 24 h in order to reach full monomer conversion. The plates were then immersed in boiling ethanol for 24 h to extract any residual low molecular weight substances from the samples. Next day, they were dried in room conditions for 48 h finally in a vacuum at 60ºC until a constant weight was achieved.
Microstructural characterization of macroporous membranes.
The microstructure of the macroporous membranes was examined by scanning electron microscopy (SEM) using a JEOL JSM 6300 microscope (Japan) at an accelerating voltage of 10 kV. The samples were metalized with a gold coating for 90 s to make the surface of the samples conductive. The porous depth in the macroporous membranes was measured by confocal laser scanning microscopy, using a Nikon C1 microscope (Japan).
Physical and mechanical characterization of macroporous membranes.
The water contact angle (WCA) at the surface of the macroporous membranes was determined using the Data Physics OCA 20 (Germany) by measuring the static contact angle of a 10 µl drop of water over the solid surface. The results are the average of over six measurements. The mechanical properties of the macroporous membranes were analyzed by testing the resistance to tearing [17] . Tearing strength was measured using a Microtest Electromechanical machine, SCM 3000095 with a 15 N force transducer.
The macroporous membranes with dimensions 30×10×0.1 mm 3 were drilled using a needle at both ends. Two suture threads (nylon 10/0) were gone through the holes and a tensile mode strain-rate program at a speed of 10 mm/min was performed. Maximum tearing strength at failure was measured, the results were the average of five specimens, and are expressed as mean ± SD. 
Implantation of macroporous membranes into rabbit corneas
RESULTS
Evaluation of the biophysical characteristics of the biomaterials.
After 24 h in culture medium, the biomaterials PEA-AAc20 and PEA-MAAc20 had visibly increased in size, most probably due to hydration. The pH of the medium containing biomaterials PEA-AAc10, PEA-MAAc10, PEA-AAc20, and PEA-MAAc20 acidified (Table 1) .
Biomaterials PEA-MAAc10, PEA-AAc20, and PEA-MAAc20 were opaque and
12 therefore difficult to observe under the microscope (Table 1) . Based on these results, PEA-MAAc10, PEA-AAc20, and PEA-MAAc20 were discarded from further analysis.
Biofunctionalization of PEA and PEA copolymers
Using ELISA, efficient fibronectin adsorption onto the PEA and PEA copolymer membrane surfaces was observed. From the undiscarded materials, PEA, PEA-HEA10
and PEA-AAc10 showed the highest levels of this protein per cm 2 of membrane ( Figure   1A ).
Peptide FNIII 7-10 adsorption was less effective, with low levels of this protein found over the membranes ( Figure 1B ). Out of the selected materials, PEA and PEA-HEA10 polymer films showed the most efficient adsorption of collagen and collagen-KSPG onto their surface, whereas PEAAAc10 did not (Figures 2A, B) . Based on these results, the PEA-HEA20 biomaterial was excluded from further experiments, and consequently, PEA and PEA-HEA10 were selected for the next in vitro assays due to their more favorable cellular survival ability combined with their optimal biophysical properties. To further increase adherence and improve cellular colonization of the biomaterials, macroporous membranes were prepared as described in the materials and methods section. Polymerization in the empty volume of the template produced a wellinterconnected structure in the PEA-based copolymer network. Plates approximately 2 mm thick were produced in this fashion. When the plate was immersed in acetone after the polymerization, the template dissolved. The copolymer network is insoluble due to covalent crosslinking between polymer chains but absorbs a significant amount of acetone. The result was a swollen macroporous structure in which acetone filled the macropores. Solvent evaporation caused the collapse of the pore structure because the swollen copolymer in acetone is very soft. Contraction of the structure was anisotropic, with a significant collapse in the thickness and a moderate collapse on the surface. The result was a thin membrane, approximately 100 m thick, from which the laminas used in the study were cut. To further analyze the pore structure, the pore depth was measured with confocal microscopy. Pore depth was measured at various points and the mean values are listed in Table 3 . These values show that membranes presented a rough surface able to host seeded cells and had a large specific surface for cell and tissue attachment. Pore depth increased in the copolymers with respect to the PEA scaffold (Table 3) due to their increasing capacity to absorb water during solvent exchange from acetone to water. 
Morphology of macroporous membranes
Physical and mechanical characterization of macroporous membranes.
Water contact angle shows that PEA is a significantly hydrophobic polymer, but the WCA decreased significantly when 10 wt% HEA or AAc was inserted into the copolymer chains (Table 3) . However, the values found in the porous membranes were higher than those previously reported for flat surfaces (approximately 17° in the case of PEA and 7°
in the most hydrophilic samples) [18 and Table 2 ]. This increase in the hydrophobic character could be due to the surface roughness of the macroporous membranes, which is associated with the resistance of drop penetration in the voids of the scaffolds. The In all the samples these value is significantly higher than the required resistance for surgical suture [17] . Figure 7 shows an example of the results of tearing stress experiments for the PEA-HEA10 membrane. Based on these results, we decided to continue the experiment with the other two PEAbased polymers better compatible with h-ADASC colonization and survival in the long term in the in vitro previous results ( Figure 3 ): PEA-HEA10 and PEA-AAc10. PEAAAc10 was also reselected because on PEA-HEA10 the collagen is adsorbed whereas in the PEA-AAc10 the collagen is covalently attached so the collagen conformation will be different in both surfaces, thus changing the cell adhesion domains exposure.
Six cases with macroporous PEA-HEA10 membranes (three with h-ADASCs and three without h-ADASCs), six cases with macroporous PEA-AAc10 membranes (three with h-ADASCs and three without h-ADASCs) and six control mock eyes were performed.
The remaining six eyes were left untouched as additional control eyes. peripheral and moderate; 3: severe and affecting the central cornea).
3.5.1.3 PEA-HEA10 macroporous membranes. These macroporous membranes had a semitransparent appearance and generated a central opacity grade of 3 (T3) from the time of its implantation. Cases of implant extrusion or corneal ulceration were not observed during the entire follow-up (Table 4) . Transparency remained stable in all cases during the entire follow-up without further opacification. The majority of cases (except for one case, Figure 9D ), however, developed a superior, peripheral and moderate corneal neovascularization from the surgical incision, with a mild involvement of the central cornea ( Figure 9E ). The peripheral cornea remained intact and free from vessels and scars throughout the study. There was no clinically relevant ocular inflammation related to the implant. 
Histological analysis of transplanted corneas
No relevant histological differences were observed among the biomaterials. In the cases of extrusion, there was no evidence of materials or cavities, and residual changes could be observed in their stroma: abundance of vessels and the presence of macrophages.
Cases without implant extrusion presented an oval cavity in the central stroma (5 mm in diameter and 300-600 μm in depth), which was partially occupied by the macroporous membrane, a 100 μm thick chromophobe disc ( binding [20, 21] . A number of studies have proposed grafting carboxyl groups onto the surface of keratoprosthesis, which results in a significant increase in the attachment of biomaterial to the corneal tissue. Furthermore, the presence of carboxyl groups theoretically aids the immobilization of collagen on the surface by covalent bonds [22, 23] . However, our results show that cell colonization decreases in the presence of high hydrophilicity (20%), especially when the hydrophilic groups originate from AAc or MAAc ( Figure 4B ), and remains excellent in the presence of low hydrophilicity (10%), but without significant differences compared with the original naked PEA.
PEA membranes have shown a favorable response to protein adsorption onto their surface. These proteins exhibit adhesion ligands that theoretically should improve adhesion of the cell to the surface of the implant. However, we could only demonstrate a significantly enhanced h-ADASC adhesion with the collagen-keratan sulfate covering when compared with the naked biomaterial. Fibronectin, peptide FNIII 7-10 , and collagen alone did not improve cell adhesion in our study.
For the in vivo assay, in addition to PEA, the two copolymers containing the lower amount of HEA and AAc -given that these biomaterials had the most favorable cell survival in vitro and optimal biophysical properties-, were implanted. Copolymers containing MAAc were discarded because they were opaque, biophysically unstable and less flexible than the other selected copolymers. Only six cases with the PEA-HEA10
and PEA-AAc10 groups were performed because this sample size was sufficient to demonstrate statistically significant differences in the implant extrusion rates between PEA (72 %) and PEA-HEA10 (0 %), with no differences between PEA and PEAAAc10 (50 %). Therefore, the low hydroxylation of PEA membranes significantly improved their survival in vivo.
Transplanting a cell substitute along with the structural support to undertake the critical functions in corneal homeostasis performed by keratocytes is essential because they produce factors such as collagen, proteoglycans, and metalloproteinases, which are indispensable for the health of the cornea and the long-term maintenance of corneal transparency [24] . To repopulate the scaffolds, h-ADASCs were used, which have been shown to be a perfect source of autologous stem cells for the development of tissue-engineered corneas and avoid the limitations of corneal cells [6, 8, 25] . Despite their demonstrated potential, no significant differences between the groups with or without h-ADASCs were found, with any improvement in the clinical or histological biointegration and implant extrusion rate. However, we were able to demonstrate that h-ADASCs survive at least three months in vivo when transplanted together with a PEA membrane. This lack of effect could be due to the low number of h-ADASCs.
Efforts to increase cell numbers by promoting their survival or proliferation in vivo should be considered for future studies.
During the processing of the sample for histology, a cavity in the central stroma developed in all non extruded cases due to dehiscence between the biomaterial and the surrounding tissue. We believe that this is due to a lack of real integration of the biomaterial within the stroma. Therefore, despite the membrane's macroporous structure, neither the h-ADASCs nor the host keratocytes seem to infiltrate these membranes and generate new collagen inside them as initially expected. However, due to the normal quiescence of keratocytes, a follow-up of only three months could not be enough time to complete this process, so a longer follow-up might demonstrate a hostcell invasion of the porous implant with subsequent real biointegration of the PEA biomaterials into the surrounding stroma.
PEA membranes did not become fully transparent in vivo. This fact, however, is not relevant because these scaffolds are expected to remain inside the peripheral cornea, supporting a central lens with optical functions.
In conclusion, we report a new type of biomaterial that can be used as a scaffold for future keratoprosthesis. Although further research is warranted before their clinical application, we have demonstrated that the low hydroxylation of PEA membranes significantly improves their survival in vivo.
